An ultra-wideband low noise amplifier (LNA) is presented in 65 nm CMOS. In order to obtain ultra-wide bandwidth, a compact inter-stage network utilizing one transformer and a de-Q-ing resistor is presented. The proposed LNA achieves maximum power gain of 18.21 dB over an ultrawideband of 1-13 GHz, the measured minimum noise figure (NF) of 5.28 dB and an input 1-dB compression point (IP 1dB ) of −21.43 dBm. The implemented LNA occupies 0.52 mm 2 of the active area excluding pads, and it draws 14.92 mW from 1.2 V power supply.
Introduction
Growing research on ultra-wideband (UWB) systems has increased interest in broadband low-noise amplifier (LNA) design. A broadband LNA must have good input matching and low noise figure (NF) over a multi-GHz bandwidth (BW) with low power consumption. The UWB LNA should be carefully designed to provide a sufficiently large amount of power gain with minimum noise added to the system. In UWB system, LNA should provide moderate passband gain with low group delay over the passband. Moreover, it should support the wideband impedance matching to 50 Ω at the input to directly connect a receiving antenna or band-pass filter (BPF) to the LNA input.
In order to achieve wideband impedance matching, a multiple-section bandpass filter with inductively generated common-emitter (CE) SiGe, or common-source (CS) CMOS LNA have been proposed in [1] and [2] , respectively. The commongate (CG) LNA proposed in [3] improves the linearity and reduces power consumption as compared with the CS-LNA. However, the large number of inductors consumes a significant amount of area and also increases the NF. Using a common gate (CG) transistor for input matching is reported in [4, 5, 6] , but the additional CS stage degrades the linearity and consumes more power. A differential CG-LNA with stagger-compensated series-peaking technique with the capacitor cross-coupled g m -boosting is introduced in [7] . However, the capacitor coupled g m -boosting may cause potential instability though it has slightly better noise performance.
In this paper, we propose a compact wideband matching network utilizing a single transformer and a de-Q-ing resistor where the negatively coupled transformer achieves considerable size reduction compared with the π-type inductor peaking (PIP) network [8] . The paper is organized as follows: Section II introduces the topology for 5-stage LNA. The experimental results of the proposed LNA are presented in Section III. Finally, Section IV concludes this study.
Transformer-based UWB LNA
The general block diagram for the LNA is shown in Fig. 1 . The designed LNA consists of five stages, each of inter-stage network is utilizing a single transformer and a de-Q-ing resistor for a wide bandwidth. The proposed compact transformerbased inter-stage network has similar bandwidth enhancement ratio (BWER) with respect to the π-type inductor peaking (PIP) network with much smaller area consumption. The proposed 1-13 GHz LNA is designed for an UWB radar in high precision-ranging and motion sensing applications.
In order to provide a wideband 50 Ω matching at the input, a CG amplifier with a source inductor is used as the first stage. The source inductor is to provide the bias current as well as to extend the input bandwidth by resonating out the node capacitance at the center frequency while achieving a good linearity and a moderate NF. Total five stages are cascaded, each of which utilizes drain and gate parasitic capacitances and a transformer with a series resistor to achieve a wideband interstage network with compact area occupation.
After the CG stage, it has three consecutive cascode amplifiers followed by the source follower at the output stage to achieve a wideband output impedance match. With a desired 1-13 GHz of the bandwidth, the self-resonance frequency of each transformer should be higher than the highest operating frequency to ensure stable circuit operation.
In [8] , π-type inductor peaking (PIP) method has been proposed which can achieve a bandwidth enhancement ratio (BWER) more than 3. While PIP can significantly enhance the bandwidth of the cascaded amplifier, it requires three different inductors (L D1 , L D2 , and L S0 in Fig. 2 ) and two resistors (R 1 and R 2 in Fig. 2) for each inter-stage of the cascaded amplifiers which makes the multistage amplifier quite bulky. This bulky PIP can be effectively approximated into a single compact transformer with a small resistor as shown in Fig. 2 . The trans-impedance transfer function Z TF ðsÞ for a negatively coupled transformer based inter-stage network is derived as follows:
where
By utilizing the proposed transformer-based inter-stage network as a compact wideband matching network, BWER becomes comparable to PIP method with much smaller area occupation. The ultra-thick metal (UTM) with the thickness of 3 µm is used for the transformer windings to reduce the ohmic loss. The designed TF 1 and TF 2 occupy an area of 200 Â 200 µm 2 and 245 Â 245 µm 2 , respectively.
Measurement results
The proposed LNA was implemented with 65 nm RF-CMOS. Fig. 3 shows the chip photograph of the UWB LNA. The overall chip area is 0:43 Â 1:20 mm 2 . The LNA consumes 14.92 mW from a 1.2 V supply. On-chip measurements of S-parameters and the phase linearity (group delay variation) of the LNA were performed with Keysight N5224A PNA. Fig. 4 compares the measured S-parameters with the simulated ones. Within 1-13 GHz, the measured S 21 achieves the maximum value of 18.21 dB at 8.75 GHz, and it has the minimum value of 13.12 dB at 6 GHz. The measured 3-dB bandwidth of the power gain is wider than 12 GHz. In this frequency range, the measured input and output return-loss were better than 10 dB. As can be seen from Fig. 4 , the measured results correspond well with the simulation. The input-referred 1 dB compression point (IP 1dB ) was measured by gradually increasing the input power level at 11 GHz, and the result shows −21.43 dBm of IP 1dB as shown in Fig. 5 . Agilent N8975A noise figure analyzer was used for the noise figure measurement. The measured and simulated noise figures of the LNA are presented in Fig. 6 . The minimum NF is 5.28 dB at 9.4 GHz. Fig. 7 shows the measured and simulated group delay of the implemented amplifier. In the range of 3-11 GHz, the measured group delay variation is 101 psec at 5.1 GHz (165 psec at 10.6 GHz) and the group delay variation is around AE31 psec.
In order to evaluate the performance of the proposed LNA, the figure-of-merit (FOM) is given by [12] :
Table I compares the performance summary for the implemented transformer-based UWB LNA with previously published CMOS wideband LNAs. The proposed LNA achieves better FOM than references in [8, 9, 10] . 
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